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NATIONAL AFRONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-372

INVESTIGATION AT MACH NUMBERS OF 0.20 TO 3.50 OF
BLENDED WING-BODY COMBINATIONS OF SONIC DESIGN
WITH DIAMOND, DELTA, AND ARROW PLAN FORMS

By George H. Holdaway and Jack A. Mellenthin

SUMMARY

The models had aspect-ratio-2 diamond, delta, and arrow wings with
the leading edges swept h5.OOO, 59.0&0, and 70.820, respectively. The wing
sections were computed by varying the section shape along with the body
radii (blending process) to match the prescribed area distribution and wing
rlan form. The wing sections had an average value of maximum thickness
ratio of about & percent of the local chords in a streamwise direction.
The models were tested with transition fixed at Reynolds numbers of about
A,OO0,000 to 9,000,000, based on the mean aerodynamic chord of the wings.
The effect of varying Reynolds number was checked at both subsonic and
Supersonic speeds,

The diamond model was superior to the other plan forms at transonic
speeds ((L/D)max = 11.00 *o 9.52) because of its higher 1ift-curve slope
and near optimum wave drag due to the blending process. For the wing
thickness tested with the diamond model, the marked body and wing contour-

of the wing were Ssupersonic. Because of the low sweep of the trailing edge
of the delta model, this configuration was less adaptable to the blending
brocess. Removing a body bump prescribed by the Mach number 1.00 design
resulted in a good supersonic design. This delta model with 10 percent
less volume was superior to the other plan forms at Mach numbers of 1.55 to
2.35 ((L/D)max = 8.65 to 7.24), but it and the arrow model were equally
good at Mach numbers of 2.50 to 3.50 ((L/D)pax ~ 6.85 to 6.39). At tran-
sonic speeds the arrow model was inferior because of the reduced lift-curve
slope associated with its increased sweep and also because of the wing base
drag. The wing base-drag coefficients of the arrow model based on the wing
plan-form area decreased from a peak value of 0.0029 at Mach number 1.55 to
0.0003 at Mach number 3.50.
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Linear supersonic theory was satisfactory for predicting the
aerodynamic trends at Mach numbers from 1.55 to 3.50 of lift-curve clope,
wave drag, drag due to 1ift, aerodynamic-center location, and maximum 1ift-
drag ratios for each of the models.

INTRODUCTION

This report 1is a continuation of the investigation of a blended
diamond wing and body combination reportec. in reference 1. The design
method has been applied to models with delta and arrow plan forms. The
dismond wing, which is the best structura . shape of the zero-taper-ratio
plan Torms, 1s generally considered to be aerodynamically the poorest,
particularly at Mach number 1.00. This econcept was discussed in refer-
ence 1, which also i1lustrated how some o’ the transonic limitations of
the diamond plan form could be overcome. The purpose Of the present inves-
tigation was to i1lustrate with experiment and theory the effects of wing
plan-form variation on the aerodynamilc performance characteristics of
blended wing-body combinations.

The diamond model was designed with = body, wing sections, and area
distribution which resulted in near optinum cero-1ift wave drag at Mach
number 1.00 and in decreasing wave-drag coefficients for Mach numbers up
to 1.20. An interesting feature of the diamond-wing design was that the
computed inboard wing sections were inderted. Similar analysis of arrow
and delta plan forms with the same over-z11 model area distribution as the
diamond model indicated that equally low wave drag could be obtained at
M= 1.00, but there would be some increase in wave-drag coefficient with
increasing Mach number. Although different area curves could have been
selected for the sonic design of the arrow and delta models, the analysis
included in appendix A indicated that us .ng the same area curve as selected
for the diamond model would give essentinlly the same transonic wave-drag
results. Using the same area distribution for all the models would permit
an cvaluation of possible plan-form efferts at M = 1.00. Each plan form
had an aspect ratio of 2, and the comple:e models were designed so that
most geometric items, such as volume, spin, and length, were equal. The
wing sections were computed from the selscted area distribution by assunming
linear spanwise thickness variation of elements perpendicular to the center
line. The design procedure is deseribed in appendix B of reference 1. The
lcading edges of the diamond, delta, and arrow wings were swept ui.OOO,
59,049, and 70.82°, respectively.

Experiments were conducted at Mach numbers from 0.20 through 3.50 at
Reynolds numpers based on the mean aerodynamlc chord of roughly 4,000,0C0
to 9,000,000. Also tested at Mach numbers from 0.60 to 2.35 was a body
with the same area distribution as the cesign area distribution for the
wing-body combinations. The wave drag ¢f the body alone served as a
reference or a reasonable goal for the ving-body combinations. As a check



on the experimental results, theoretical predictions were made of the
friction drag, zero-lift wave drag, drag due to 1ift, lift-curve slope,
maximum lift-drag ratio, and aerodynemic~-center position of the models
with wings.

A limited investigation of the effect of sweep on transition of the

boundary layer from laminar to turbulent flow was conducted with the sub-
limation technique to insure that transition was fixed on each model., A
delta model was tested at Mach number 3.00 and a Reynolds number per foot
of 2,000,000, with four different sizes of grit used as a distributed
roughness to fix the boundary-layer transition. The tests of the differc 1t
sizes of grit were made to evaluate the magnitude of the drag penalty of
the grit itself above the drag change caused by fixing transition. These
results are discussed in appendix B.

NOTATION

aspect ratio
body base area

wing base area projected on a plane perpendicular to the conven-
tional x axis

area distribution of the approximate Newtonian spindle shape (see
fig. 20)

coefficients determining the magnitude of the harmonics of a
Fourier sine series

semispan
drag coefficient

(A11 aerodynamic coefficients are based on the total wing area.)
slope of the curve of drag coefficient due to 1ift versus 1ift

coefficient squared, taken at the lift-coefficient data point

nearest to that for <%>
max

zero-1ift drag coefficient
wing or body base drag coefficient

1lift coefficient



1lift-curve slope, per deg
pitching-moment coefficient about body station 34.50 inches,
measured from the body nose, except that when noted the body

station was selected to produce 10-percent static margin at
M = 0.60

wing root chord measured along model center line
mean aerodynamic chord of the wings

average height of transition grit based on at least 100 samples
maximum lift-drag ratio

model length
Mach number

total number of harmonics used to compute ACpH or to define an
area distribution ©

specific term or harmonic used to define an area distribution

Reynolds number

body radius

body maximum radius

body base radius

cross-sectional area

total wing area

wing semithickness

coordinate and body station, measured from model nose

coordinate measured in a spanwise direction

aerodynamic-center location, where x; is the station measured
from leading edge of wing center-line chord

volume



VXF volume relative to a Sears-Haack body with minimum wave drag for
A given volume and length

a@ angle of attack

B M2 -1

ACDO zero-1ift wave-drag coefficient

8 roll angle of a cutting plane tangent to a Mach cone as measured
between the =z axis and the intersection of the cutting plane
with the yz plane

Mg angle of wing leading-edge sweep

o transformation of the length x +to radians, cos~?t (%% - >

MODELS AND TESTS

The geometric details of the M = 1.00 equivalent body and the three
wing-body combinations are presented in figures 1 and 2 and in tables I
through IV. The delta model was also tested without a rearward body bump
as shown in figure l(c) and in table I, which lists the radii of the body
components of each model. The design area distribution derived in ref-
erence 1 is presented in figure 3, along with the modified ares
distribution for the delta model without the body bump.

The wing coordinates are listed in tables IT through IV for the three
plan forms. The wing thickness distributions are illustrated in Tfigure 2
and were computed as described in reference 1. The wing thickness in each
case 1s formed by straight-line elements perpendicular to the model center
line which form triangular spanwise sections as shown in figure 2. TNote
that the rear portion of the arrow wing was designed with a blunt trailing
edge, as suggested in reference 2, to avoid wing sections with large rear-
ward slopes. For wing sections perpendicular to the body center line,
similar to the one shown in figure 2(c), the trailing-edge thicknesses of
the arrow wing were half the ridge thicknesses, except near the body
Juncture, as shown in table IV. The wing sections had an average value of
maximum thickness of about L percent of the local chords in a streamwise
direction with greater thickness ratios inboard.

The models were tested at the Ames Research Center in the 12-foot
subsonic pressurized wind tunnel, the 1k-foot transonic wind tunnel and
in the 9- by 7-foot and the 8- by 7-foot supersonic test sections of the



Unitary Plan wind tunnel. Photographs of the models are presented in
rigures 4(a) through 4(d). The ranges of the test variables in each
facility are shown in the following table:

Eh‘*ﬁgi Mo%i)ls M R/t - é Transition
2-toot |[OA A 0.20 3,000,000 | -4 to 26 Free
12-foot A A 0.20 6,000,000 | -4 to 26
12-foot 8A A 0.50 3,000,000 | -4 to 16
1h-foot |G A A A B|0-60 to 0.80 3,500,000 | -2 to 11 Fixed, 0.0k0-inch grit
to
4,000,000
1hroot (O A A& A B|0.30 to 1.20 | 4,000,000 | -2 to 3
9- by 7-toot|O A A B 1.55 1,000,000 | -3 to 6
9- by 7-foot | A A B|1.59 to 2.35 | 3,000,000 | -2 to 12
“- by T-foot 8 2.50 to 3.00 | 4,000,000 | -2 to 12
{i- by 7-foot 3,00 to 3.50 | 3,000,000 | -2 to 12
8- by (-foot A A 3.00 3,000,000 | -3 to 13
5- by T-foot A A [2.50 to 3.50}2,000,00C | -3 to 15
- by 7-foot A 3.00 2,000,0CC | -1 to 15| Free and fixed with b
sizes of grit
3- by 7-foot S AA 350 2,000,00C 0 Cne wing panel free
and the other panels
fixed with different
sizes of grit

= 1.00 equivalent body
Diamond model
Delta model
Delta model without bump
Arrow model

>pDO

Three-component aerodynamic forces ard moments were measured and
corrected by standard procedures. For the model sizes and shapes, the
force corrections for blockage and buoyancy were generally believed to
be negligible. Wall interference corrections were required for the angle-
of-attack and drag data obtained in the sibsonic wind tunnel, and these
corrections were based on the theory of re ference 3. At all Mach numbers,
the drag coefficlents were adjusted by setting the body base pressure
equal to free-stream static pressure. All serodynamic coefficients were
pased on the complete plan-form area of the wings of 800 square inches.
The pitching-moment coefficients were corguted about a longitudinal center
34.50 inches rearward from the nose of each model. This position was
selected for approximately neutral longitndinal stability at moderately
supersonic speeds.



Transition was fixed near the nose of the bodies and near the leading
edge of the wings with distributed roughness composed of grit with an
average height of about 0.040 inch. The grit was located 1.13 inches
rearward of the wing leading edges (upper and lower surfaces) and of the
body nose in a streamwise direction so that a laminar-flow area of only
> percent of the wing area was allowed. A grit location farther rearward
could have been used at the higher supersonic Mach numbers; however,
natural transition would have occurred ahead of the grit location at
transonic speeds. The selection of the grit size was based on tests of
the diamond wing reported in reference 1. The diamond wing with the
least sweep was considered to be the most difficult to fix transition on,
so the same grit is certainly larger than necessary for the other plan
forms. Subsequent to the tests with the diamond model, the 8- by 7-foot
test section was limited to lower Reynolds numbers; so additional tests,
reported in appendix B, were made to check the performance of the grit in
fixing transition on each wing and to determine the drag penalty
attributable to the grit.

RESULTS

The basic test data are presented in figures 5 through 10. HNotice
that the data from the subsonic wind tunnel are plotted to a coarser scale
than the rest of the data because of the greater angle-of-attack range.
For this reason, and in order to illustrate the slight effects of doubling
the Reynolds number, the data obtained on the three basic models having
different plan forms at M = 0.20 are listed in table V. The delta model
was tested at transonic speeds both with and without the rearward bump on
the body; however, only the basic data for the delta model as designed for
M= 1.00 (with the body bump) are presented at transonic speeds (fig. 6).
At supersonic speeds the delta model was tested only without the bump as
indicated by the results in figures 7 and 8. A comparison at transonic
speeds between the delta models with and without the bwmp will be briefly
discussed relative to cross plots of the data and will be considered in
more detall in appendix A. At supersonic speeds the effect of Reynolds
number is illustrated only for the delta model without bump and the arrow
model (figs. 7(d) and 7(e) at M = 1.55 and figs. 8(d) and 8(e) at
M = 3.00), because the Reynolds number effects on the diamond model data
have been reported in reference 1. The M = 1.00 equivalent body was
tested over a small angle-of-attack range to clearly define the zero-1ift
drag coeflicients which are presented in figure 9.

Figure 10 shows how the wing-base-pressure coefficients for the arrow
model varied with spanwise position and Mach number. Body-base pressures
were measured for each model and were used to correct the drag data. The
body-pressure coefficients shown in figure 10 for the arrow model are
representative of the values obtained for each model.



Cross plots of the various aerodynamic parameters with Mach number
will be presented when discussed in the following sections of the report.
Figure 11 is presented in order to summarize the differences in test
Reynolds numbers with Mach number. Note trat for Mach numbers above 2.50
the diamond model was generally tested at ligher Reynolds numbers than
the other models; however, the effects of this Reynolds number difference
were not very large, as may be seen in figires 8(d) and 8(e).

DISCUSSION

In general, the discussion will make comparisons between the
experimental results for the three models ¢f different plan form and
between supersonic linear theory and experiment for each plan form. The
delta model without the rearward body bump is used for the comparisons
between plan forms, because the body bump required for the sonic design
was too blunt to be treated by linear theory at supersonic speeds. This
problem is discussed more fully in appendi: A, which contains an evalua-
tion of the transonic zero-1ift wave drag relative to the design concepts.
Except for the subsonic data from M = 0.2C to M = 0.50, the results dis-
cussed are for transition fixed and have nct been corrected for the drag
penalty which can be attributed to the grit. Appendix B presents an
analysis of theoretical and experimental results of the effect of the grit
used to fix transition, at M = 3.00., The analysis indicated a grit
penalty in Cp, of 0.0003 separate from ard above the effect of fixing
transition. The wave drag due to the grit appeared to be negligible.

The following dilscussion has two main divisions: the first part is
an analysis of the zero-lift wave and base drags, and the second is an
analysis of the other basic aerodynamic trends with Mach number. The
arrow-model data contain the wing base drag.

Zero-Lift Wave and Ba:te Drags

The zero-lift wave-drag coefficients for the three wing plan forms
and the M = 1.00 equivalent body at Mach rumbers from 0.60 to 3.50 are
presented in figure 12, The theoretical weve-drag coefficients were com-
puted with the procedures of reference 4, ¢nd 49 harmonics were used to
define the derivative of the model area di:strlbutions. The variation of
the body area distribution with Mach number, used in the theoretical com-
putations, was based on method 1 described in reference 1.

The experimental zero-1ift wave-drag coefficients (fig. 12(b)) were
determined from the basic data by removing the frictlion-drag coefficients.
The friction-drag coefficients were assumec. to be equal to the zero-lift
drag coefficient at M = 0.60 and were adjusted at each Mach number to



account for the variation with Mach number of the friction-drag coefficient
for fully turbulent flow over a smooth surface. This procedure was dis-
cussed and justified in reference 1. For the test models, the small
regions of laminar flow and of turbulent flow over a rough surface had
small and compensating effects relative to the variation in friction-drag
coefficient with Mach number. The friction-drag coefficients used to
determine the wave-drag coefficients were also corrected for variations

in Reynolds number. The latter correction was not made for the results
presented in reference 1, because the variations in Reynolds number were
not as great in that case. The experimental results of figure 12(b) showed
that the diamond model had the lowest wave-drag coefficient at transonic
speeds with values which matched the M = 1.00 equivalent body data; the
diamond model had higher wave drag than the other models at Mach numbers
above 1.7.

The comparison between theory and experiment can be more clearly
demonstrated by considering each model separately (see fig. 13). For the
simple body, the 49-harmonic solution is larger than the experimental
results at supersonic speeds, although the variation with Mach number is
similar. The diamond model data (fig. 13(b)) have been discussed previ-
ously in reference 1 and are repeated here with the slight Reynolds number
correction used for all the data presented in this report. The reduction
in wave-drag coefficient shown for the computation identified as method 2
(discussed in ref. 1) would be less for the smoother body of the arrow
model and almost negligible for the delta model without bump. In general,
the experimental wave-drag coefficients for the three plan forms investi-
gated are lower than the theoretical wave-drag coefficients near sonic
wing-edge conditions. The one exception 1s for the delta model, which
had perfect agreement between theory and experiment at sonic leading-edge
conditions. Note in this case that the theory did not indicate a wave-
drag peak at sonic leading-edge conditions, and thus this better agreement
between theory and experiment for the delta model is reasonable. As was
discussed in reference 1, the higher wave-drag coefficients for the diamond
model at the higher Mach numbers are a result of the marked body and wing
contouring required for transonic conditions.

The experimental wave-drag coefficients shown for the arrow model in
figure l3(d) include the wing base-drag coefficient. The agreement between
theory and experiment shown at the intermediate supersonic Mach numbers
would be poorer if the variation with Mach number of wing base drag were
introduced. The theory used to compute the wave-drag coefficients does
not include viscous effects. The zero-lift base-drag coefficients for the
wing and body bases of the arrow model, as determined by experiment and
empirical predictions based on reference >, are presented in figure 1L.
The body base-drag coefficients include an effect of the sting, so the
comparison made with the analysis of reference 2 1is only qualitative. The
body base-drag coefficients are representative of the wvalues for the other
models. The wing base-drag coefficients of the arrow model, based on the
wing plan-form area, decreased from a peak value of 0.0029 at Mach number
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1.5% to 0.0003 at Mach number 3.50. The twe -dimensional analysis of
reference 5 did not represent the three-dimensional results at transonic
speeds, but could be used to obtain slightly conservative predictions for
Mach numbers above 1.60. The individual pressure measurements at different
locations on the wing base varied as shown ty the basic pressure coeffi-
cients in figure 10. The greatest differences in wing-base pressure
coefficients occurred where these coefficlerts were the greatest, that is,
from Mach numbers 1.55 to 2.35.

Aerodynamic Trends With Mach Number

Summary plots of experimental values o’ maximum lift-drag ratio,
1ift-curve slope, drag due to 1lift, and aerndynamic-center location are
presented in figure 15 for the three models of different plan form. It
should be noted that the delta model withou: the rearward body bump, used
for the comparison between plan forms at sucersonic speeds, had about 10-
percent less volume than the other models. The model with the greatest
maximum 1lift-drag ratio or the greatest 1ift-curve slope generally was
the one with the lowest zero-lift wave-drag coefficients. At transonic
speeds the diamond model was superior ((L/D)max = 11.00 to 9.52); at the
intermediate supersonic Mach numbers the delta model without bump was
superior ((IL/D)max = 8.65 to 7.24); at Mach numbers from 2.50 to 3.50 the
difference between models was not very great and the delta model without
bump and the arrow model were equally good ((I/D)max ~ 6.35 to 6.39).
With an increase in Reynolds number, the maximum 1lift-drag ratios would
be increased, as may be determined from the example plots presented in
rigures 7(a) and 7(e). For instance, in figure 7(a) , which shows the
least effect, the increase in Reynolds numcer per foot from 3,000,000 to
4,000,000, for the delta model without bump, resulted in an increase in
(L/D)max from 8.65 to 8.86 (M = 1.55). Tre effect of zero-1ift drag on
the maximum 1lift-drag ratio is as important as the drag due to 1lift and
should be kept in mind when one compares tte data presented in figures 15(a)
and 15(0). For Mach numbers from 2.50 to -.50, the arrow model, relative
to the delta model without bump, clearly hés the lower values of drag due
to 1ift. However, at M = 3.50 an increase in zero-1ift drag coefficient,
from 0.00T75 for the delta model without burp to 0.0082 for the arrow model,
was enough to cancel a possible benefit in maximum lift-drag ratio due to
a decrease in CDi/CI? from 0.813 to 0.72(. Less than half of the above
jnerease in zero-1lift drag coefficient of 0.0007 (that is, 0.0003) could
he attributed to the arrow wing-base drag, but the remaining difference is
small relative to possible cumulative expe:'imental errors. These data
indicate that the effects of the plan-form variation considered are small
at Mach numbers above 2.50, and that the model with the lowest zero-1ift
drag coefficients would probably have the 1ighest values of maximum 1ift-
drag ratio. The zero-1lift wave drag of each of the test models could be
improved if specifically designed for the higher supersonic Mach numbers;
however, the greatest potential improvemen: exists for the model with the



11

diamond wing which structurally could be made thinner than the other plan
forms. With transition free, the wing with the least sweep would also have
potentially the greatest amount of laminar flow, as shown in appendix B,
and thus lower friction drag,

The variation in aerodynamic-center location with Mach number, as
showvn in figure l5(d), occurred primarily at transonic speeds, was not
unduly large for any of the models, and was greatest for the diamond model,

The utility of supersonic linear theory in predicting the trends in
the aerodynamic parameters is demonstrated in figures 16 and 17 for the
delta model without bump and the arrow model, respectively. Theoretical
comparisons with experimental results were presented and discussed in
reference 1 for the diamond model and will not be repeated here. The
theoretical results presented in figures 16 and 17 were computed in the
same menner as in reference 1, and, except for the friction and wave
drags required in computing the maximum lift-drag ratios, the theoretical
results were computed from equations available in reference 6 or 7. The
theory used assumed no wing leading-edge suction and no arrow-wing base
drag. Theoretical estimates of wing leading-edge thrust are considered
in later figures. The agreement shown in figures 16 and 17 between
theory and experiment and between test facilities was considered to be
satisfactory, because the differences shown are generally of the same
order of magnitude as the slight nonlinearities in the basic data. For
instance, the large difference in the trend of the lift-curve slopes for
the arrow model (fig. 17(b)) between the highest transonic data and the
M = 1.5 data obtained in the 9- by 7-foot test section occurred near
zero 1ift where the slopes were measured. At angles of attack of 2° or
3° the lift-curve slopes for the arrow model are about the same at
transonic speeds as at M = 1.55. As was the case in reference 1, the
experimental lift-curve slopes obtained in the 9- by 7-foot test section
were consistently higher than those of the theory.

Some wing leading-edge thrust is indicated in figures 16(c) and 17(c),
because the experimental values of CDi/CLg are lower than the theoretical
values based on no-leading-edge thrust. However, only a small amount of
the theoretically possible leading-edge thrust was obtained for the arrow
model., Figure 18 presents the theoretical values of the drag-due-to-1ift
parameter, CDi/DL2, with and without leading-edge thrust, as a function of

B, for flat-plate wings of the three plan forms investigated. From super-
sonic theory alone and assuming almost full leading-edge thrust, one might
conclude that the arrow model would be superior at all Mach numbers and

CDi/CL2 would approach the minimum vortex drag due to 1ift or a value of

1/7A et B = O (or M= 1.00), as plotted in figure 18. The linearized

theory used for computing the leading-edge thrust was developed in refer-
ence G, which states that no entirely satisfactory theory for this effect
has been developed., Thus, 1f one assumes little leading-edge thrust, the
arrow model would only be superior at the highest Mach numbers and there



only slightly superior. The experimental r:sults (fig. 19) indicated
that there was little leading-edge thrust. Although the arrow model had
some leading-edge thrust at the lower values of f, it had a drag-due-to-
1ift parameter as high as or higher than that for the other models at
values of B lower than 2.0.

CONCLUDING REMARK S

The following statements apply to blenled wing-body combinations as
tested with transition fixed by distributed roughness.

The diamond model was superior to the other plan forms at transonic
speeds ((I/D)pax = 11.00 to 9.52) because of its higher lift-curve slope
and near optimum wave drag due to the blending process. For the wing
thickness tested with the diamond model, ths marked body and wing contour-
ing required for transonic conditions resulted in a large wave-drag penalty
at the higher supersonic Mach numbers where the leading and trailing edges
of the wing were supersonic. Possible advantages in supersonic zero-11ft
drag are significant for the diamond model, because its structural rigidity
will permit a thinner wing section and its low relative sweep ig favorable
to laminar boundary-layer flow.

The delta model was less adaptable to the blending process because of
the low sweep of the trailing edge. Removing a body bump, prescribed by
the Mach number 1.00 design, resulted in a good supersonic design. The
10-percent less body volume made it supericr to the other plan forms at
Mach numbers of 1.55 to 2.35 ((L/D)pax = 8.65 to 7.24). This delta model
and the arrow model were equally good at Mech numbers of 2.50 to 3.50

((L/D)pax ® 6.85 to 6.39).

At transonic speeds the arrow model wes inferilor because of the
reduced lift-curve slope associated with its increased sweep and also
because of the wing base drag. The wing bese-drag coefficients of the
arrow model, based on the wing plan-form area, decreased from a peak value
of 0.0029 at Mach number 1.55 to 0.0003 at Mach number 3.50.

Linear supersonic theory was satisfactory for predicting the
aerodynamic trends at Mach numbers from 1.°5 to 3,50 of lift-curve slope,
wave drag, drag due to 1lift, aerodynamic-center location, and maximum
lift-drag ratios,

There was no apparent sweep effect on the wave drag of the sharp-
leading-edged wings at Mach number 1,CO.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., March 23, 1960
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APPENDIX A

EVALUATION OF TRANSONIC DATA RELATTVE TO SONIC DESIGN

The design area curve (fig. 3) was selected primarily for the diamond
plan form as discussed in reference 1 (to seek a low wave drag at M= 1,00
which was consistent with a decreasing supersonic wave-drag coefficient).
This design curve is a modification (N = 25 fit of the derivative) of the
peak-shaped area curve presented in the upper left-hand corner of figure 20,
Of the area curves considered in the preliminary analysis (fig. 20) this
peak type of area curve was also best for the delts plan form at transonic
speeds (B cos 6 = 0 to 0.6633) and almost best for the arrow plan form as
shovn in table VI. In any case, it was decided to use the same area curve
for each plan form so that a direct comparison could be made of the effect
of sweep on zero-lift wave drag at Mach number 1.00.

Data points of transonic zero-1ift wave-drag coefficients are plotted
in figure 21 to show clearly how well the diamond and arrow models matched
the equivalent body at Mach number near one. Therefore, there is no appar-
ent sweep effect on the wave drag of sharp-leading-edged wings at Mach
number one,

The higher wave drag of the delta model at Mach number 1.00 was not
predicted by theory, because all models had identical cross-sectional
area distributions. This model illustrates that an area distribution made
up of a wing and a body which individually have large slopes in area dis-
tribution can result in wave drag greater than that for the equivalent
body. For the delta-type wing the problem is primarily confined to tran-
sonic speeds and is a result of the low sweep of the wing trailing edge.
The sonic design contour for the body of this delta model resulted in a
large body bump which caused an increased thickening of the boundary layer,
as indicated by the surface flow lines in figure 22. The fluorescent-oil
film method used for the surface flow study is described in reference O,
The increased boundary-layer thickness would result in an effective
increase in the bump size over that prescribed by the design and thus in
higher wave drag. Removing the entire bump, as indicated by the body
radii of table I, resulted in an increase in the drag coefficients near
Mach number 1.00, as shown in figure 23, and a reduction in wave-drag
coefficient for Mach number 1.20.

The theoretical zero-1lift wave-drag coefficients of the various winged
models at transonic speeds are compared with experimental results in fig-
ure 24, The predictions for the diamond and arrow models are very good
for 25 harmonics as well as for 49, The previously discussed problems
with the delta model affected the theoretical results as well., The delta
model, with the body bump of sonic design, obviously violated the slender-
ness limitations for the theory, as indicated by the poor wave-drag
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coefficient predictions. Without the bump, the low sweep of the trailing
edge of the delta wing is responsible for —he high wave drag and poor
predictions at Mach number 1.00. Also note that the use of the higher
number of harmonics for both of the delta models generally results in
poorer agreement with experiment. The preiictions for the delta model
without the bump were satisfactory for Maca nunbers above 1,20, as shown
previously in figure 13(c).

The inferior aerodynamic characteristics of the arrow model at
transonlc speeds were analyzed to insure that the reductions in maximum
1lift-drag ratio were primarily due to the increased sweep (reduction in
1ift-curve slope) and not due to the wing oase drag or to separated flow.
The effect of the wing base drag on the maximum lift-drag ratios at tran-
sonic speeds was not large relative to the differences between models, as
shown in figure 25. The possibility that the arrow wing had separated
flow was investigated with the fluorescent-oil technique of reference 9,
At low 1ift coefficients representative of the maximum lift-drag ratios
there were no visible regions of separated flow, and the surface flow was
wniform in a streamwise direction. At angles of attack greater than L©
there was a faint indication of a leading-edge vortex and a small
separated-flow region near the trailing ecge of the arrow wing. The small
separated-flow reglon lncreased with angle of attack to that shown in
figure 26 for 11° (M = 0.70). The separated reglon may be identified by
the accumulation of oil which appears as & short curved line near the wing
tralling edge.
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APPENDIX B
DRAG DUE TO THE GRIT USED TO FIX TRANSITION

Lift and drag coefficients for the delta model without bump, with
transition free and fixed at Mach number 3.00 and a Reynolds number per
foot of 2,000,000, are presented in figure 27. Runs with transition fixed
on the wing and body were made with four sizes of grit with average heights,
in inches, of 0.016, 0.040, 0.062, and 0.089. The grit was located, as for
the basic investigation, 1.13 inches rearward of the wing leading edges
(upper and lower surfaces) and of the body nose in a streamdse direction.
The drag due to 1lift for the transition-free run (figure 27) was greater
than the theoretical value of CDO + C7, tan o and corresponding values of
drag due to 1lift with transition fixed. This result was probably due to a
forward movement of natural transition (primarily noted on the lower sur-
face from sublimation pictures taken at (L/D)max) with an Increase in angle
of attack. At 1ift coefficients above 0.30 the reason for the drag
coefficients of the model with the 0.040-inch grit being lower than those
for the transition-free model is not known; however, for the one run with
the 0.040-inch grit, the model mounting holes were filled a 1little more
smoothly (painted and sanded condition as used for the results presented
in the body of the report). For the other runs presented in figure 27
the holes were filled with wax.

The 0,016-inch grit did not quite fix transition at M= 3.00 and
definitely did not fix transition at M = 3.50, as shown in figure 23
(R/ft = 2,000,000) . Otherwise the larger grit (0.0%0 in. or greater)
fixed transition at the grit for all test Mach numbers and Reynolds num-
bers. Figure 28 also shows that there was a decrease in the length of the
laminar boundary-layer flow with increase in wing leading-edge sweep. For
each wing the white lines are spaced three inches apart in a streamwise
direction. The most forward line shown in most of the photographs is where
the grit was located 1.13 inches from the wing leading edge in a streamwise
direction.

The zero-lift data of figure 27 are plotted in figure 29 to show the
effect of grit size on the zero-lift drag coefficients of the delta model
without bump, as determined by experiment and theory (M = 3.00,

R/ft = 2,000,000) . The theoretical friction-drag coefficients were com-
puted by procedures discussed in reference 1. The average length of the
laminar-flow region, used for the transition-free theoretical point, was
estimated from photographs of sublimation material to be 6 inches, or
somewhat less than the higher Mach number pattern shown in figure 28.

The theoretical effect of fixing transition was computed at zero grit

size as the change from partially laminar flow over a smooth surface to
completely turbulent flow (rearward of the 1.13-1in. station). The lack of
agreement between the theoretical and experimental drag coefficients shown
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in figure 29 for zero grit size may be attributed to errors in the
theoretical wave drag; however, the experim:antal model may not have been
theoretically smooth. The important featur: of figure 29 1s that the
experimental increase in zero-1ift drag wita increasing grit size was
predicted by a theory (M = 0) which did not include the possibility of
wave drag attributable to the grit. Thus, the wave drag of the grit was
apparently negligible. The theoretical slooe of figure 29 (which involves
the average grit size squared) was extrapolited through the experimental
data points to zero grit size, which would give an indication of the
experimental zero-1ift drag coefficient with transition fixed but without
grit. With this point as a reference, the irag coefficient penalty of the
0.040-inch grit was 0.0003. Thus, the drag coefficients presented in this
report are high by an amount of at least C.3003 (the theoretical penalty
of the 0.0Lk0O-inch grit was 0.0010) because of the grit used to fix
transition.
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TABLE I.- COORDINATES FOR B(DIES, INCHES

2
2
o
il.
32
33
e
3
3t
3

3

3¢

von K4
oglv

Cylinder

51.000
Blended
pody

(1)

e

37000
3.0
39.200
40,000

hit033
Ly ooe
4k .00C
L.000
14,000
L7000

M= 1.00 Diamond Delta model Telte model Arrow
equivaient body| model with buep > 1thout bump model
X iy X I X r X r X r
0 (2) (1) Game ac Wing
delta model sione
with rear-
ward body
tump
3.0 ————— 0.311
4.0C0 vor Kérmdn .3{1
4.000 ogive (2) ik
5500 ik
1. i) i
1
1 1G. 400 Li39
1 10,6534 1.190
1 11.000  blended 1.23C 12,000
1 L2.000 tody 1.216
13 13.000 1.149
1. 14.00C 1.099 23.000 LH90
1 15.0C0 1.657 15,200 L9650
1 16.000 1.035
1 16,6 —— 1.028 16.800 1.02¢
hi von Kedrmén
1 18,500 opive {2} 1.049 1.9
1 19,200 1.119 1.112
1 1.5940
- Blended L% 20,000 20.0CC
body 20.£00 20000
21.600 1.206 21.500
24.200 1.260 25.200
24,800 1,421 eh.ioo

.00

300G

[ REEC)

AT

©.011

1.00 equivalent vody

" a voun Kdrmdn ogive (1 = L0 in.

and T, = L.b09 1n.)
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TABLE II.- COORDINATES FOR DIAMOND WING. INCHES

Semithickness, *t/2

s 0 |x2.000(%h.000| #6.667 |+8.0001+12.000] +13.333 |+1k.coc|+15.000]+15.000 £19.0CC{ £20.000
17.500 | O
15.000
13,500
19.000
13.500 0
20.000 .202
20.500 3hg
21.000 R
21.500 s5k51 0
22.000 510 122
23.000 6911 296
24,000 72T WBOk 24 .167=0
25.000 T30 Wb6s
25.500 0
26.000 | .925 | .707! .4oo .199 .05h
27.000 | 958 1 L6771 JLo6 135
28.000 | 793 | LOWT| oS Relsiel .190
29.000 | 755 | 624 koo .230
29.500 o}
30.000 | .724% 500 oo .338 261 .029 { 30.833=0
31.000 { 702} .598 Jhol 286 078
31.500 0
32,000 | .635 | .591) .49¢ .370 .307 .118 .055 .02k
33.000 ETT 500 502 .328 .153 066
33.500 0
34000 | L6701 .589| .50 .399 L345 L183 .129 .102 .020
35.000 { L6611 .5351 .510 +359 .208 .132 057
35.500 o}
36.000 {1 JGho| 571 502 Rite’] 363 .225 .179 L156 L0006 Loy
36.500 0
37.000{ .612 | .s549| (L4B6 361 235 L173 .110 Noliel .016
37.300 { 594 [ .535( k7S .396 .356 .233 L1908 L1759 L1190 L0599 .03G 0
38.000 610 5k 485 .360 .235 172 L109 el L0140
35.500 0
39.000 .631 .563 Ritel Lok .358 .222 176 .153 L0835 017
39.500 ¢
40,000 | 643 569 | L4os .349 202 .129 L0595
k1,000 | .6ko | .570| koo .386 L334 177 124 L0958 .020
41.500 0
Lz2.ooo | 650 .366| 482 315 L1k7 .063
k3,000 | 6hs | .60 470 .351 .291 .112 L052 .022
43.500 o]
44,000 | 6551 558 LLhe1 267 L073 | kh.167=0
45,000 1 667 .560| A5k .311 240 .027
45,500 ¢
k5,000 | .683 | .56L| Luks .208
Yr.000 | .720] .575| Jhkko 259 .169
Y3.000 [ W7Hk | LsOT| Lu31 .117
k9.000 | 787 .Go2| 417 170 LOk6
49,500 50.833=0 {0
50.000 | 845 | 620 .394
51.000 | .92k | .G40| .356
51.500 0 970 | 647! 323
52,000 { 1.020 | .649| .278
52.500 { 1.048 | .629 .210
53.000 | 1.061 { .5%0| .118
53.500 | 1.065 | .533}| 0
54.000 | 1.060 | 454
5L.500 | 1.045 | .348
55.000 | 1.011 | .202
55.500 { .9%2 {0
56.000 | JGu2
56.500 | .712
57.000 | .500
57.500 | 0
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TABLE IIT.- COORDINATES FOR DiLTA WING, INCHES

Semithickness, #t/2

X ¥ 0 +2.000 4,333 £6.667  £10.000 | £13.333 [+16.667
c.roo | o
2,000 | 540
9.5C0 | 72U
10.C00 | .035
10.5600 | .920
11.00G | .955
11.500 1 .997
12.00C | 1.000 |12.033=0
12.500 | 1.000 .123
13.00C | 1.000 .225
13.500 992 .303
1h.coc | .g9dc 363
500 | .966 RINE
15.000 | .9k Chy
15.500 930 L7 15.922=0
15.000 | .910 =) .010
16.500 | .68 .508 .066
17.0006 | .867 .519 L1113
17.500 | o4k 525 151
15.000 Lz 526 18k
15.5C0 | .EOO 528 211
19.000 ) 780 .528 .233
19.500 | .765 .529 .254 19.811=0
20,000} 793 531 272 0l2
21.000{ .735 .536 . 303 071
22,000 .72 542 .330 .119
23.000 | .723 554 .358 .161
2h.o00| .721 564 .381 .197
25,000 | .719 572 .4oo 229 25.367=0
26.00C 15 577 L1 256 .026
27.000 710 581 430 279 .063
28,000 706 50k L2 L300 .096
29.000 | .70k Tea) A5k .319 .126
30.000 7o .59k 65 L337 .153 30.922=0
31.000¢( .707 .601 L8 .355 179 .002
32,000 .716 613 Lok 37k .20k .033
33,0001 .T730 .630 .513 .396 .229 .062
3k.0001 .739 .6h2 523 Lk .252 .090
35.000 | .7h2 648 L5305 .h29 272 J115
36.000| .739 649 LSkl RS L2648 L1330
37.000 | .721 .636 537 Jh3s 296 155 013
37.500| .706 625 .529 L3k .297 162 .025
33.000| .688 .610 518 k=g .297 .166 .036
39.000| .643 573 490 ot L2839 .172 .05h
40.000| .593 .530 56 .333 277 172 .CeT
41.0001 .535 480 515 .351 .259 167 .075
51.500] .50% 455 .395 .335 249 .163 077
2,033 47k Let .371 .316 .237 .158 .079
42,500 k39 .392 .337 282 .203 J12k .Oh6
43,000 k0O .353 299 L2k .166 .08 .010
43.500 | .365 .318 264 .209 .131 .053 43.14k=0
44,000 .332 284 230 175 .097 .018
Y500 .295 .2h8 .19k 139 L061 LY, 256=0
45,000 | .261 .21k .159 .10k .026
45.500{ .225 L178 .123 L069 45.367=0
h6.000{ .191 L1k .09 .034
46,500 155 .108 .053 45 L78=C
k7.0001 .120 .073 .018
b7.500 | L0283 .037 L7.256=0
48,000 .050 .002
43,5001 .008 | 48.033=0
4700 | O
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TABLE IV.- COORDINATES FOR ARROW WING, INCHES

Semithickness, xt/2

- - . ol Ridge Tralling edpe
x ¥ 0 +2.000 | £4.333 [ £6.667 |£10.000 | £13.333 | +16.667 =YE 7 Y "
0.0C0 [ C.COO
500 ] .086

1.00¢ | .171

1.500 | -207

2.000 | .237

2.50C | .270

3.000 | .30k

3.500 | .337

k.o00 | .360

k.500 | .350

5.000 | .395

5.500 | k02

5.75C 0.000

6.000 | LO5 | .o17

6.500 | W1k | .obd

7.000 | k26 | .o76

7.500 | JB43 ] .103

8.000 | 467 | .131

9.000 | .305 | .182
10.000 | .534 | .227
11.000 | .552 | .263
12.000 | 567 | .295
12.457 0.00C

13.000 | 537 | .327 .025

1k.000 | 610 | .359 067

15.000 | .640 | .395 .108

156.000 | .669 | .Le9 L1438

17.000 | .688 | .Lss L1684
17.500 | 696 | 467 .201
18,000 | .70k | Lh479 .217
15500 | 712 | .ho1 .233
19.000 | .718 .501 247
19.167 0.000

19.500 | .725 | .511 262 .012
20.000 | .731 | .521 .276 .030
21.000 | 746 | .5hk2 .303 065
22,000 | .76% | .564% .331 L0943
23.000 | .789 | .592 .362 .131
2Lh.000 | .81k | .619 .391 .164
25.000 | .833 | .61 s .19k
26.000 | .851 | .663 A3 22k
27.000 { .86kL | .6Eo 465 251
28.000 | 877 | .697 487 277
28,750 €.C00
29.000 | .90 | .714 508 .302 .Cot
30.0CC | .906 | .732 530 .327 .03
31.000 | .925 | .T53 553 -353 067
32.000 | 948 | 778 .579 .380 L0956
33.000 | .977 | .507 608 Ao .126
33.333 | 986 | .816 617 419 L136 C.OU0 | C.00C
3k.o00 | .955 | .4932 635 437 .155 L95% 552
3h.500 | .932 | LG5 6L 450 .169 .932 .966
35.000 | .903 | .U53 657 Jdise L18e L905 | 1.379
35.230 | .898 | .d55 .661 RIS i B892 | 1.570
35.750 i L.253
36.000 L9520 | L839 665 476 L2053 B38| 2,207
36.500 | .315 | .605 666 480 215 Bz | 2.621
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TABLE IV.- COORDINATES FOR ARROW W..NG, INCHES - Concluded

Semithickness, *t, 2

NG| 0 | 2.000|£k.333(+6.667 | +10.000 | £13.333 | £16.567 it,gidge e *iifélng e:ie
37.000 | 0.768 | 0.769 |0.668 [0.436 C.225 0.770 | 3.034

37.500 | .710| .72 | .663 | Mg .233 736 | 3.448

3,000 | .Joh2| .67 | 663 | Jho2 .2h2 703 | 3.862

35,333 0.C00

35.500 | 576 | 620 | 667 | .Los -250 .00k BT | k276

35,569 L1667

39.000 1 .508] .565 | .632 | 499 .253 .017 Bh2 | 4.690

39.50C | W5 .s09 | .84 | .Log L2064 .029 609 | 5.103

ho.oooo | L3871 W58 | sho | 502 271 .cho B2 | 50517 10.387 | ©
40.500 .397 1 Wh93 | 508 250 .052 558 1 5.931 | L339 571
41.000 .333 | b1 | .508 .285 .062 530 | 6.345 ] .30c | 1.143
41.389 1,513

h1.532 268 | L3836 | .50k 295 LOTh 509 | 6.5 | w255 ) 1.750
41,750 .251

L2.000 .350 | .h68 .306 L035 Aok | 7aa72 | L2k ] 2286
L2.500 L3148 ] Lk32 .318 .096 A7E | 7526 .239 | 2.8957
43,000 277 | .395 L3029 L1063 ME2 | oo .231 | 3.429
L3.791 218

4050 L3721 .352 L131 3o | eldes | Leas | Lot
145.000 247 .375 154 395 | 9.655 | .199 | s.71h
45,517 1,385

5,333 .186

L46.000 342 77 .367 (10423 L1853 | 6.857
47.000 268 .200 .335 [1.3101 .167 | 2.000
47.915 0.000

Li.000 .194 .223 .002 .303 (12,133 | .151 | 9.143
Ls.750 .139

49.000 . 2Ly .025 271 112,966 | .136 | 10.286
Lo hhh 1.257

50.000 216 L0lA .239 113.793 | .120 {11.Lk29
51.00C L1433 071 207 |1h.621 ) L10hk j12.571
51.667 .093

52.000 .09k 175 (15403 ] Lode | 13.71h
53.000 L117 L1k3 (16,276 | 072 [1h.857
53.473 .1z

54,000 .C90 2112 17.1¢3 | L0556 [16.000
54,50k LOLS

55.0C0 LOBC |17.931 | .040 [17.143
55.500 L06L (180345 | Lo032 |17.71k
56.000 Lol |13.759 | .02k | 18,256
56 .500 .032 [19.172 ] .016 [18.457
57.000 L016 |19.586 | .0¢2 | 19.429
57.500 .COC0 [20.000 | .00C [20.000

lRidge




TABLE V.- EFFECT OF DOUBLING THE REYNOLDS NUMBER AT M =
AERODYNAMIC CHARACTERISTICS OF THE THREE MODELS HAVING DIFFERENT
PLAN FORMS (TRANSITION FREE)

(a) Diamond Model

0.20 ON THE

@ L Ch Co /D
R/ftx10"° 3.C £.0 3.0 6.0 3.0 6.0 3.0 6.0
0 -0.004k [0.002 | 0.0059 | 0.008k | —0.0005 [ 0
-L.ok -.156 | -.164 ] o172 | L0154 | -.0229| -.02kp
-2.03 -.073 | -.082] .0090 | .o0B1L| -.0113]| -.cl2c
o] .001 .003 | .0063 | .0063 L0001 | © 0.16 ] 0.48
2.03 .083 L.085 | L0091 | L0087 .CL9 L0119 | 9.12] 9.77
Lok ——— .167 - L0155 - L0244 ~-=120.77
L 06 167 L0161 — L0245 --- | 10.37 -—
6.09 248 .251] .0282 | .0282 L0377 L0383 3.79] B.g90
&.12 .330 .337 | .ob61 | .ohb9 L0510 .0517 | 7T.16| T7.19
10.15 RISK] A2z | L0702 | L0719 L0617 | L0630 | 5.86 | 5.87
12.18 .Log -— L1011 -— L0703 - L.o1 ———
12.19 - .508 —— L1036 — L0717 --= | %.90
1h.22 L5839 598 | L1k12 | L1k31 L0772 .0781 L.1i7t %18
16.25 L6536 605 1 .1910 | L1905 L0834 08271 3.59 3.60
18.25 .756 LTET L 2k28 | Lakss L0337 0637 3.11] 3.12
20.31 .831 A37 1 .3027 | 3053 o8ka | L0843 | 2.75| 2.74
22.33 885 L901 | 3604 [ .3663 L0768 0821 2.L6 | 2.1
2k, 34 .926 .938 | LB177 1 Jheod L0709 L0683 2.22( 2.22
26.36 .965 L971 | WA476L | L4800 L0644 o621 2.03| 2.02
(v) Delta Model
o 0.005 {-0.003 | 0.0075 | 0.0065 [ 0.0009 |-0.000k
-h.06 -.261 | =168 | Lorth | L0169 | -.0337] -.0347
-2.03 -.079 [ -.077| .0095 | .c091! -.0163| -.0152
0 .003 L.CO7 | .0073 | .0069 L0007 | .o0lz| o.h1]| 1.01
2.03 .088 .092 | .olo1 ——— L0178 L0185 | B.71 e
k.07 L176 AT77| 0179 | L0170 0367|0373 | 9.83(10.41
£.10 272 L2758 L0327 | .0325 L0581 L0587 8.32| 8.55
8.1k .366 376 L0539 | .05h6 L0799 | 0811 6.79( 6.29
10.17 450 der oot | Lodes L0kl .10k3 ) 5.62) 5.66
12.21 565 566 L1194 | L1101 278 12731 L.73| bk.7s
14.25 LB02 L673 L1627 1 L1652 L1505 L1515 | 4ot | L.ot
15.25 ——— .712 —_— L1869 —- L1606 - | 3.81
16.28 L7651 .21k5 L1731 3.55
18.31 540 .2708 L19k7 3.14
20.35 .9kg .3389 .2183 2.80
22.39 1.058 heos L2hhe 2.52
2h. 41 1.128 Lho3lk 2621 2.29
2644 1.199 5740 L2794 2.09
(c) Arrow Model
o 0.007 |-0.003 | 0.0085 | 0.0081 ] o0.0001 [-0.0002
-4.05 -.139 | -.18% | L0192 .o175] -.0198| -.0200
-2.02 -.067 | -.065| .0111| .0l0L| -.00B5] -.cO7k
0 . 006 005 | L0085 | L0088k o o0kl 0,71 0.50
2.02 L0776 076 | L0111 | .0105 L0086 | L0088 | &.05| T.2h4
h.06 .156 155 | .0190 | .o178 L0219 .c218 | E.21| #.71
6.09 .2Lo 2391 .0326 | .0318 .0370| .0372 7.36] 7.52
8.12 .331 .326 1 L0536 { .0517 L0567 W0554 | 6,18 6.31
10.15 Rl Jda1 ) L0819 | LoTh L0784 Lot60 | 3.09| 5.31
12.19 507 505 { .1130 | L1119 210261 L1011 | b.ho | L.s1
14,22 --- 605 --- L1546 --- .1238 --—- | 3.01
16.26 70 LJ06 | L2077 | L2062 16001 L1595 | 341l 3.ke
18.30 806 L2666 .1919 3.2
20.34 .01 L3378 2262 2.71
22.37 1.019 RINIS L2637 2.45
2k L1 1.11% L5007 L2976 2.02
26 4L 1.206 .591k .3311 2.04
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